The laser welding of Ti6Al4V alloy to 304 stainless steel using a 1-mm-thick Cu interlayer was developed by changing the laser power. The fracture characteristics of joints were analyzed by SEM, EDS, and XRD. The fracture examinations indicated that both the joint strength and the fracture occurrence location in the joints depend on the laser power settings. The optimal value for the maximized tensile strength of the joints, up to 300 MPa, was obtained at a power of 4 kW. Increasing the laser power by 4 kW increased the tensile strength; it decreased as the laser power exceeded 4 kW. In the 4-kW samples, the fracture characterization indicated that the higher remaining Cu deposited on the Ti sheet that caused the fracture path tended to make the fracture propagate toward the Cu interlayer. The fractography investigations illustrated that the fracture surface of a 4-kW joint had a greater rough area than that of either the 3-or the 6-kW joints. The XRD results demonstrated that the most of solid solution phases, such as αTi, (V), and (Ni) coexisting with various types of Al-intermetallics could occur on the fracture surface of a 4-kW weldment.
Introduction
High-strength joints between titanium (Ti) alloys and stainless steel (SS) provide many technological advantages in chemical, petrochemical, cryogenic, microelectronics, medical, nuclear, thermal power station, aerospace, spacecraft, aeronautics, and astronautics industries. They do so by providing a reliable and low-cost way of tailoring the location of materials according to design and performance, while at the same time offering mass-saving advantages by using titanium alloys [1] [2] [3] . In order to achieve compatibility between material costs and function, Ti alloys are used for applications requiring chemical properties such as corrosion resistance, stability in aqueous media, and high specific strength [4] . Austenitic stainless steels are used for applications that require greater levels of workability [5] .
The direct welding of Ti alloys and SS suffers from two major challenges. The first challenge is the brittle intermetallic compounds (IMCs) formed at the joint, such as brittle TiFe 2 and TiCr 2 phases. This is due to the limited miscibility of iron and titanium. According to the Fe-Ti phase diagram, the solubility of Fe in Ti is very low (0.1% at room temperature). Beyond this, the brittle intermetallic phases FeTi and then Fe 2 Ti (600 and 1000 HV, respectively) begin to form. The second challenge is the formation of cracks and residual stresses, caused by the large differences in thermal expansion and heat conductivity coefficients between Ti alloy and SS. The thermal expansion coefficients of Ti6Al4V and 304 SS are 8.7 × 10 −6 K −1 and 16 × 10
, respectively. Also, the heat conductivity coefficients of Ti6Al4V alloy and 304 SS are 6.7 and 14.6 W/m.K, respectively. The specimens fracture spontaneously when sufficient amounts of IMCs have formed. Therefore, preventing the formation of brittle IMCs is the key to achieving reliable joining of Ti alloys and SS [1, 3, [6] [7] [8] [9] [10] .
The mechanical stability of the weld between Ti alloys and SS can be increased by the insertion of intermediate metal foils that change the character of the interaction in the melted zone (MZ) and lead to the formation of phases other than TiFe-rich intermetallic phases [11, 12] . The most popular of these Bbond layer^materials are Ni, Cu, Ag, Al, Mg, as well as some other more complex alloys which form IMCs with Ti. These act by prohibiting the atomic diffusion between Ti and Fe, Cr, or Ni [13] .
Another group of candidates for joining stainless steels to titanium alloys are the metals that do not form intermetallic phases with Ti, such as V, Zr, Nb, Mo, Ta, and Hf. The most popular of these is pure V, which forms continuous solid solutions with Ti and has a close fusion temperature (1670°C for Ti and 1914°C for V) [1] . It is well known that titanium does not form intermetallic phases with pure Zr, Nb, Mo, Ta, V, or Hf, which could be examined as potential interlayers.
The high cost of all of these metals, and the problems of their weldability with stainless steel result in the use of more available and relatively low-cost materials such as Cu, Ni, and their alloys [12] . These interlayers have been used to prevent the formation of Ti-Fe IMCs during welding [10] . The mechanical resistance of such welds can be enhanced by adding an intermediate metal foil that modifies their final phase composition [1] .
Among the metals mentioned above, Cu potentially would be a good choice to meet the needs of industry. Cu is compatible with Fe and does not produce brittle IMCs with Fe, Cr, Ni, or C. The Cu interlayer improves the metallurgical reaction of the weld pool, which leads to the formation of Ti-Cu IMCs by reducing the proportion of FeTi and Fe 2 Ti IM phases. The formation of Ti x Cu y phases is compensated by the high ductility and toughness of Cu, which leads to acceptable strength. Additionally, the IMCs phases produced with Cu are tougher and have a lower hardness than the Fe-Ti IMCs [8, 14, 15] . Moreover, Cu is a soft metal which may deform easily to reduce inner stress concentrations during laser welding and relax the residual stresses produced by linear expansion mismatch [16] . The properties of Fe-Cu-Ti systems indicate that the temperature stability of the joint is far inferior to that of steels and titanium alloys, due to the low-temperature transformations between Cu-containing phases [1] .
The direct bimetallic joining of austenitic 304 stainless steel and Ti6Al4V has been performed through diffusion bonding [17] [18] [19] [20] , brazing [21] , explosive bonding [22] , and roll bonding [23] , as well as electron beam welding [7, 24] . Fusion welding is confronted with a great challenge in joining Ti alloys to steel. In traditional arc welding, it is very hard to manage the molten pool of the Ti-SS mixture due to metallurgical incompatibilities, so a mass of IMCs is formed during such welding.
In diffusion bonding of Ti to SS, a great care is needed for surface preparation. Using huge sheets of Ti and SS for this process is impossible, because it requires applying the large stresses on the materials and high-volume production capacity. It would also require a huge heat treatment system. Joint interfaces should have high standards of cleanliness, due to the long-term heat treating in a high-vacuum furnace [1, 3, [25] [26] [27] . Friction stir welding presents a big challenge for the stir pin when the welding is performed on high-melting-point metals such as Fe and Ti alloys, especially during long-term usage of the stir pin [3, 27] . Explosive welding has also been applied to join Ti and SS, but the process flexibility is very low when compared with the liquid state welding processes [26] . Brazing is not a good choice for high-temperature applications [27] . Ultrasonic welding is limited to apply on hard alloys such as Ti alloys [28] .
Recently, the development of high-energy beam welding methods such as laser beam and electron beam welding has made fusion welding of Ti alloy to SS possible [9, 29] . Laser welding is used for the joining of dissimilar alloys because it provides a very localized heat supply, fast heating/cooling gradients, and high levels of precision in the weld [1] . Because of these advantages compared to other welding processes, laser welding is used for joining Ti alloy and SS using composite interlayers.
To achieve the maximum joint strength on Ti-SS welds, it is important to investigate the influence of changes in laser power as perhaps the most important parameter in the laser welding process on the strength of the joint. More specifically, the influence of laser power on the fracture surface characteristics of the weldments has not been investigated before.
Shanmugarajan [2] indicated that high-power density laser welding will enable welding at high speeds with a cooling rate of more than 1000°C/s, creating favorable conditions in dissimilar materials joining through a reduction in the number and sizes of intermetallic phases in the fusion zone. The present work examines heretofore-uninvestigated influences of laser power on the phase characterization of the Ti-side of MZ through energy-dispersive spectroscopy (EDS) and Xray diffraction (XRD). Using these techniques, we not only correlate the influence of laser power on the joint strength but also on the phases occurred on the Ti-side of MZ.
Experimental procedure
The materials used in this study were 2-mm-thick plates of AISI 304 stainless steel, α-β Ti6Al4V alloy, and 1-mm-thick intermediate layer of pure copper. The size of the sheets used Table 1 .
A high-power (10 kW) fiber laser welding machine (IPG 10000) with a wavelength of 1070 nm, a welding-head focal distance of 300 mm, and a focal beam diameter of 0.6 mm were used to convey the laser beam onto the specimens. First, the sheets were polished using a rough emery sheet to ensure the joining surfaces were smooth. Next, the joining surfaces were cleaned using acetone to remove dirt, oil, grease, and all other foreign materials, as was the Cu. The Cu interlayer was then fixed to the edge of the SS plate by laser pulses on both sides of the joint. The Ti6Al4V and steel plates were then pressed together in butt configuration and maintained by mechanical fixation to avoid misalignment due to thermal expansion in a butt-weld geometry. The processing optical system was arranged at a 5°inclination from the vertical to avoid damage to fiber ends due to reflected light. A supplementary gas protection device covering the top and the bottom of the melted zone was used to minimize the risk of oxidation and plasma suppression that can lead to joint brittleness. Argon was used as the shielding gas and the total flow was 20 L.min Welded samples were sectioned, using wire electrical discharge machining, into small dog-bone samples for tensile testing, as well as cross-section analysis. Samples for crosssectional analysis were ground using carbide paper and then polished using alumina slurries. The samples for microstructural characterization were prepared metallographically and then were etched in a reagent of 20 mL HNO 3 , 20 mL HF, and 80 mL H 2 O [30] . The analysis of microstructures of the samples was studied by scanning electron microscopes (NOVA NanoSEM 230, FEI, and Sirion 200, FEI) with fast EDS analyzers (Aztec 80 mm 2 SDD, Oxford Instruments, and INCA X-act, Oxford Instruments). The precision of element analysis was to 1 at.%.
The phases of the fracture surfaces were identified by XRD (SmartLab Ultima ΙV) using a CuK α radiation at an angle range 2θ from 30 to 90 o and at a scan speed of 1 (°)/min. The phases were identified according to the standard PDF card and Jade software.
To evaluate the tensile properties, the cross-weld tensile samples were prepared as the drawing in Fig. 1 . To reduce surface roughness, all surfaces of the tensile specimens were polished by 400# abrasive papers. The tensile properties of the joints were measured by a universal testing machine (Zwick Z100) operating at a constant tensile rate of 1 mm/min at room temperature. The final tensile results reported were calculated from the mean of six samples from each weld. Vickers microindentation measurements were carried out using a 15-s load time and a 100-mN load.
3 Results and discussion
Laser weldability of the Ti/Cu/SS joint
In order to evaluate the benefits of laser welding, investigations were undertaken to join 2-mm-thick Ti plates to similar thickness of 304 SS with a 1-mm Cu interlayer. The joining was done following the identification of the best offset position via observation of the quality of the joint surface. Therefore, the welding experiments were first conducted according to three offset positions of laser focusing.
The schematic of the laser welding setup with different focal positions is shown in Fig. 2a . In this figure, three scanning paths that were considered for the laser radiation on the surface were the Cu-Ti interface, Cu-SS interface, and Cu centerline. Figure 2b indicates that the shifting of laser beams at the Cu-Ti interface caused an increase in participation of Ti atoms as the active element in the brittle intermetallics formation in the weld.
According to the Cu's low adsorption coefficient by the laser beam [31] , the focal position on the centerline of the Cu interlayer was also not successful (as shown in Fig. 2c ). As such, the best position for laser position was found to be Fig. 7 The Ti-side microstructure of the MZ for samples welded at a 3 kW, b 4 kW, and c 6 kW laser power the Cu-SS interface which had been extended to the crack-free joint (Fig. 2d) . The focusing of laser direction on the Cu-SS interface, a high stainless steel enriched weld, can be formed from the SS side, due to the high solubility of Cu in iron, chromium, and nickel.
Mechanical strength of the joints
The stress-strain curves of pure 304 stainless steel and titanium alloy sheets are shown in Fig. 3 . This figure shows that 304 SS has more strength and ductility than Ti6Al4V. The fracture surface morphologies of both of these are shown in Figs. 3b, c after tensile testing. The pure SS fracture morphology depicts more ductile fracture modes, including dimples and micro-voids, while the Ti fracture surface includes a mixed mode of ductile and cleavage facets.
In order to investigate the effect of laser power on the mechanical strength of the joint, the welding process was performed at the powers of 3, 3.5, 4, 4.5, 5, 5.5, and 6 kW at the same welding speed of 2 m/min. When the laser power was lower than 3 kW, no wetting of the melted zone happened on the Ti alloy. Meanwhile, the sound joints were not obtained at the laser powers settings higher than 6 kW, according to the huge fluctuation of the elements in the melted zone. This was particularly true between Ti and Fe atoms, the presence of which caused more brittle IMCs to be formed in the weld.
The tensile curves of the joints welded with different powers are shown in Fig. 4 . The curves show that the dissimilar joint welded at a power of 4 kW had the highest strength/ ductility value while that welded at 6 kW had the lowest of the samples tested.
The heat input of the laser welding process was calculated using the following expression:
where H.I. = heat input, P = laser power, S = welding speed, and η = welding efficiency for a laser welding process. Joint efficiency was expressed as:
Joint Efficiency ¼ Strength of the joint Lower strength of the parent materials % ð2Þ
According to Fig. 3a , the ultimate strength of Ti6Al4V and 304 SS are 670 and 802 MPa, respectively.
The relationship between the ultimate strength and joint efficiency at various laser powers is depicted in Fig. 5 . Figure 5 indicates that as the laser power increases toward 4 kW, the strength, as well as the joint efficiency, increases. However, as laser power exceeds 4 kW, the strength, as well as the joint efficiency, begin to decrease. The maximum strength and joint efficiency that can be reached at a laser power of 4 kW was up to 300 MPa and 45%, respectively (which is 35% more than the strength reported by Gao [6] , when laser welding of the same pairing materials was previously investigated).
Microstructure examination
In order to investigate the influence of the incremental increase of laser power on the microstructural evolutions and Fig. 8 The location of joint cracks at different laser powers after tensile testing the mechanical properties of the joints, samples welded at 3, 4, and 6 kW were chosen. Figure 6 shows the major X-ray distribution element maps of the welds obtained at laser powers of 3, 4, and 6 kW. As is visible in these figures, Ti and SS base metals were located on the left and right sides of the images, respectively. Figure 6 indicates that Fe and Cr atoms in all samples diffused simultaneously from the SS-side of the weld toward the center of it, after laser radiation on the SS-Cu interfaces. Meanwhile, the remainder of the MZs was occupied by copper. However, a few Ti atoms diffused from the Ti alloy toward the MZs.
Ti is an active element and tends to form IMCs with metal elements. Therefore, the Ti-side microstructures of melted zones were analyzed. The Ti-side microstructure of the melted zone (MZ) for the 3, 4, and 6 kW samples is shown in Fig. 7 . This figure only shows the compounds that exist roughly 60 μm from the Ti-side of the MZ. The chemical compositions of the Ti-side of the MZ from different laser-welded samples are shown in Table 2 . The potential phases were extracted by combining the EDS results with Ti-Fe, Ti-Cu, Cu-Fe, Ti-CrFe, Cu-Fe-Cr, and Ti-Fe-Cu phase diagrams. BPhase Positionî n Table 2 marks the positions with the same potential phases. Some brittle IMCs such as τ 2 , FeTi, τ 5 , Fe 2 Ti, and CuTi as the most brittle phases of the Ti-Cu or Ti-Fe-Cu systems [13, 14] were formed at the Ti-side of the MZ at 3 and 6 kW; however, no FeTi and Fe 2 Ti can be found in the 4-kW sample. Furthermore, minimum content of CuTi exists in the 4-kW sample. No defects were found at the Ti-side of melted zones.
Since the hardness of FeTi/Fe 2 Ti compounds is much higher than other phases of the Fe-Ti-Cu system, the Ti-MZ interface in the 6 and 4 kW samples make for joints with the minimum and maximum strengths, respectively.
Fractography
Following the tensile experiment, the fracture side that includes the Ti6Al4V base metal is identified as the Ti-side, while the other which includes both 304 SS base metal and the Cu interlayer is identified as the SS-side. All of the welded samples joined at different laser powers were fractured at the Ti-side after tensile experiments (Fig. 8) .
To investigate the fracture behavior of the weldment caused by increasing laser power, fractography of the samples welded at 3, 4, and 6 kW was performed on the Ti-side of fracture surfaces after tensile testing. The fracture morphologies are shown in Fig. 9 . Figure 9 shows that some secondary cracking can be observed on the fracture surfaces of all samples, due to the difference in the thermal expansion coefficient between Ti and SS that caused the cracking on the side of the weaker material. The close observation of the fracture surface of the 4-kW sample shows that most of the fracture surface area of this sample has a rough area which is characterized by the ductile-brittle fracture characteristics, containing obvious equiaxed dimple patterns and a few quasi-cleavages. This type of morphology means that the fracture behavior of this sample is more ductile than that of the samples laser welded at 3 or 6 kW.
However, cleavage surfaces and river patterns were formed more on the fracture surfaces of the samples joined at 3 and 6 kW. It is clear from the comparing of Figs. 9a, c that the tendency for surface cleavage in the sample that was welded at 6 kW was higher than that of the sample welded at 3 kW.
In Fig. 9c , a relatively smooth area has been marked that was caused by a brittle rupture and some tearing ridges that are also evident from the river patterns. Consequently, it was found that the ratio of the rough area to the whole area on the fracture surface increased as the laser power increased, up to a power of 4 kW; but this ratio decreased as the laser power rose above 4 kW. Figure 10 shows the X-ray diffraction analysis performed on the Ti-side fracture surfaces of the joints welded at different laser powers. Since many compounds were created at the fracture surfaces of the samples, the volume percent of each Fig. 9 The fracture surface morphology of the Ti-side of Ti-Cu-SS joints welded at the laser powers of a 3 kW, b 4 kW, and c 6 kW compound is low. Some solid solution phases, as well as some IMCs, formed in the fracture surface of welded samples. Figure 10 indicates that the only solid solution phase formed in all samples was αTi, while the only solid solution compound formed at 4 and 6 kW was pure (V). However, the fracture surface of the dissimilar Ti-Cu-SS pair welded at 4 kW not only contains αTi and (V), but also some (Ni) solid solution compounds. All mentioned solid solutions formed in the fracture surfaces have a lower hardness than the IMCs [8, 9] . Meanwhile, FeTi and Cr 2 Ti, recognized as the most brittle intermetallics, can be formed in the Ti-Cu-SS system [14] . Since the binary system of Fe-Cr is mutually soluble in the solid state at high temperatures [9] , the Cr atoms can replace the Fe atoms in the IMC lattice and then the Fe 2 Ti can be replaced with Cr 2 Ti in the 6-kW sample. Therefore, it can be concluded that the brittleness of the 4-kW welded sample was minimum, while it is at a maximum value for the 6-kW laser power weldment.
Fracture analysis of the weld
There were some noises in some diffraction signals, due to the nature of the fracture surface. Therefore, less than three peaks were detected for some IMCs [6, 15] .
The chemical compositions of the fracture surfaces of laserwelded samples are shown in Table 3 . To perform accurate analysis on the fracture surfaces, both the cleavage and quasicleavage surfaces were examined by EDS. The EDS analysis was also performed on both the SS-side and Ti-side of the fracture surfaces.
The examination of the SS-side was only performed on the right-side of the fracture surface; the resultant phases are shown in Fig. 11 . The Ti-side examination was performed on both the right-and-left-sides of the fracture surfaces, shown in Fig. 12 . The potential phases were extracted by combining 
Fracture mechanism
In order to study the influence of laser power on the joint strength between the Ti and SS sheets, the copper content within the predominant phases was measured.
According to Figs. 11 and 12 , the fracture surfaces in the 3-and 4-kW samples are mainly composed of αTi + CuTi 2 ; however, in the 6-kW sample, they are composed of αTi + FeTi. The analyzed points that exhibited the mentioned phases were 6, 9, and 7 points for the samples welded at 3, 4, and 6 kW, respectively. These points were counted from both the SS and Tisides, and from both the cleavage and the quasicleavage surfaces of the fracture surfaces. This means that the αTi + CuTi 2 and αTi + FeTi eutectoid phases at the MZ-Ti6Al4V interface are the weakest zones within the joi nts welded at 3 kW/4 kW, and 6 kW, respectively.
According to the phase diagram of Fig. 13c , the potential phases that were extracted were βTi + Ti 2 Cu and βTi + FeTi. The XRD results from PDF cards indicated that the (Ti) phase has a space group of P6 3 /mmc and lattice parameters of a = 2.950 Å, b = 2.950 Å, and c = 4.683 Å, which is consistent with the results shown for αTi in reference [8] . According to Fig. 13b , the minimum equilibrium temperature for βTi → αTi transformation is~800°C. This was a strong transformation and therefore αTi was produced due to the rapid cooling rate of the MZ during the laser welding process. The average Cu content within the αTi + Ti 2 Cu and αTi + FeTi phases that existed on the fracture surface of each sample was calculated. The relationship between the Cu content in the fracture surface of each joint and changes in laser power is shown in Fig. 14. According to Fig. 14 , a lower presence of Cu in the fracture surface indicates that the fracture surface primarily contains elements from Ti6Al4V. That is, the surface of the Ti6Al4V sheet contains some remaining Cu from the weld metal. Quantitative analysis and fracture characterization of the low Cu content fracture surface revealed that the crack occurred on the Ti surface. It can therefore be concluded that the low Cu content surfaces correspond to locations that lacked a sufficient interfacial layer; this kind of metallurgical joining leads to poor strength and joint failure. It therefore indicates that the fracture path passed close to the Ti alloy.
The sample welded at 6 kW had the lowest Cu content at the fracture surface, which means it had the lowest strength, as shown in Fig. 5 . Figure 14 also indicates that the αTi + Ti 2 Cu phase was displaced by the αTi + FeTi phase at the highest laser power. This is because at 6 kW, the melt pool fluctuation increased, leading to the enhanced penetration of the Fe element toward the Ti alloy. Therefore, the Ti and Fe atoms met on the Ti-side of the MZ and formed FeTi.
The stability regions of the eutectoid phases, as circled in Fig. 13c , means that at the highest laser power the chemical composition of the Ti-Cu interface changed from a αTi + Ti 2 Cu region to a αTi + FeTi region. Since the hardness of FeTi is much higher than Ti 2 Cu, the Ti-MZ interface in the 6-kW sample is more brittle than those in the 3-and 4-kW samples.
Compared to those in the 3-or 6-kW samples, the increased presence of Cu atoms in the fracture surface of the 4-kW sample was due to the Cu weld metal remaining more in the Ti alloy. Therefore, the fracture occurred much farther from the Ti surface than in samples with a lower level of Cu. In the 4-kW sample, Cu atoms could diffuse more inside the Ti surface and thus a stronger metallurgical joining could occur; this resulted in an increase up to 300 MPa in the bond strength between Ti6Al4V and Cu. This joint strength was higher Fig. 11 The fracture surface analysis on the same regions of the SS-side of the joints welded at a 3 kW, b 4 kW, and c 6 kW than the strength of pure Cu, which is 210 MPa. Consequently, the fracture path occurred toward the Cu interlayer.
Meanwhile, the Ti-MZ interface at the 6-and 4-kW samples are the most brittle and ductile interfaces, due to the higher hardness of αTi + FeTi compared with that of αTi + Ti 2 Cu. The schematic for the fraction paths in the Ti-Cu interface at different laser powers is depicted in Fig. 15 .
Conclusion
This paper is the first one to have investigated the fracture characteristics and strength of Ti6Al4V-304 SS joints welded at different laser powers. This has demonstrated that joint strength and the fracture paths of the weldments strongly depend on the degree of laser power. The joint strength increased as the laser power increased up to 4 kW and then decreased when the laser power exceeded 4 kW. 
